In response to exogenous stimuli such as phorbol-12-myristate 13-acetate, ultraviolet B radiation, and lipopolysaccharide, human keratinocytes produce soluble mediators that are important in primary contact irritancy including cytokines that are associated with proinflammatory properties (interleukin-la [IL-la], tumor necrosis factor a), chemotaxis (IL-8), and growth activation (granulocyte/macrophage colony stimulating factor, IL-6, transforming growth factor a).
activate the infiltrating cells [1, 5, [7] [8] [9] [10] [11] [12] . Although IL-IQ' is produced constitutively by keratinocytes, it is released into the interstitial spaces in significant amounts only after membrane damage has occurred [13, 14] . There is evidence from ill vitro studies that IL-IQ' can also be induced in keratinocytes after exposure to ultraviolet (UV) B with minimal release into the culture medium [15] . With agents such as nickel sulfate, a substantial increase in the production and release of IL-tQ' Call be detected in the absence of significant cytotoxicity [16] .
In contrast to IL-IQ', the constitutive synthesis of other cytokines noted above are normally low or undetectable, but their expression, production, and release can be induced by a variety of environmental agents. These agents include phorbol-12-myristate [15, [17] [18] [19] , UVB radiation [15, [20] [21] [22] [23] [24] [25] ' urushiol (poison ivy catechol) [4] , lipopolysaccharide (LPS) [21, 24] , hydroxyurea [26] , and silica (26] . With such a diverse group of agents, it is likely that multiple mechanisms are involved in the stimulation of cytokine release including direct cell membrane rupture with physical agents and mechanical trauma, protein denaturation with strong acids and bases, solubilization of cell membranes with detergents, covalent binding of reactive agents to macromolecules, modifications of macromolecules by ionizing radiations, and receptor-mediated binding. Considering that chemically induced skin irritation is a major human h ealth problem [27] , it would be extremely useful to be able to predict potential cutaneous toxicity and identify skin toxicants by using experimental systems.
These studies were d esigned to determine a) whether cultured human keratinocytes produced and released proinflammatory cytokines in respo nse to primary contact irritants (croton oil, sodium lauryl sulfate [SLS] , ethyl phenylpropiolate [EPP]' methyl salicylate [MS] ) , necrotizing agents (phenol, benzalkonium chloride [BAC] , CrO)), or se nsitizin g agents (oxazolone [OXA] , 2,4-dinitrofluorob enzen e [D NFB]) ; b) whether specific cytokine-induction profiles would occur in response to these known dermal toxins; c) whether cytokine-specifi c responses were due to a direct chemical effect or required intermediate factors; and d) whether these cytokine patterns co uld be predictive of responses in mouse skin exposed to applicatio ns of the identical agents.
MATERIALS AND METHODS
Test Chemicals and Imtnunologic Reagents EPP (98%), MS (> 99%), and BAC (mixture of alkyl chlorides from CSH17 to C 1s H 37 ) were purchased from Aldrich C hemical Co. (Milwaukee, WI) . PMA (99 %), croton oil (a complex mixture containing PMA and other phorbol esters), DNFB (99.6%), LPS (Escltericl!ia coli serotype 055:B5), OXA (90%), pBR322 Hae III di gest as DNA molecular weight markers, and LD-L20 reagent for detecting lactate dehydrogenase activity were obtained from Sigma Chemical Co. (St. Louis, MO). Cr03 (as a 0.1 % aqueous solution) was provided by the Research Triangle Institute (Research Triangle Park, NC). Phenol (99 %) and SLS (> 99%) were obtained fromJ. T . Baker (Phillipsburg, NJ) and Schwartz/Mann Biotech (Cleveland, OH), respectively. Triton X-I00 (scintillation grade) was purchased from Research Products International Corp. (Elk Grove Vill age, IL). R&D Systems (Minneapolis, MN) supplied the recombinant human (rh) TNFa, goat anti-rhTNFa antibody (purified IgG fraction), goat anti-rhIL-la antibody (purified IgG frac tion), and enzyme-linked immunosorbent assay (ELISA) kits for hTNFa, hIL-la, and hIL-8. Recombinant human IL-la and hIL-la ELISA kits were purchased from Endogen, Inc. (Boston, MA), and hGM-CSF ELISA kits were obtained from Advanced Magnetics, Inc. (Cambridge, MA). Recombinant human IL-1P was supplied by Genzyme Corp. (Cambridge, MA).
Cell Culture, Chemical Treatment, and Detection of Cytokines Cryoprcserved, normal human epidermal keratinocytes (NHEK) from breast skin of adult fema les were purchased from the Clonetics Corp. (San Diego, CAl . NHEK were grown in 25-cm 2 tissue-culture flasks at a low calcium concentration (150 J.lM) in keratinocyte basal medium supplemented with insulin (5 J.lg/ml). rh epidermal growth factor (0.1 ng/m1) , bovine pituitary extract (0.4%), hydrocortisone (0.5 J.lg/m1) , and GA-I000 (50 J.lg gentamicin/ml; 50 ng amphotericin-B/ml) (henceforth referred to as keratinocyte growth medium or KGM) (Clonetics Corp.) [28, 29] . The cultures were incubated at 37 · C in a humidified, 95% air/SO/a CO 2 atmosphere. NHEK in passages 1-3 were subcultured in 24-well Costar plates (Costar Corp., Cambridge, MA) at seeding densities of 2500 -20,000 cells/ cm 2 in KGM. When the cells were 50-60% confluent, the medium was changed to KGM without hydrocortisone, and the keratinocytes were allowed to grow for an additional 24 -48 h until they reached 70 -80% confluency. Fresh medium without hydrocortisone was then added, and the keratinocytes were exposed to the test chemicals for 3-48 h depending on the nature of the experiment. For the in vitro studies, the irritants were dissolved in the following solvents (final concentrations): phenol/phosphate-buffered saline (PBS) or 1 % EtOH; croton oil/O .l % EtOH; OXA, MS, and EPP /1 % EtOH; DNFB/O.Ol % EtOH; BAC, Cr0 3 , and SLS/PBS. T he test agents were also assayed in the presence of known stimulants including rhIL-l/l (1000 U/ml), LPS (100 J.lg/ml), and PMA (10 ng/ml) . Keratinocyte morphology and growth over a 24-h treatment were assessed from each culture as an initial gauge of cytotoxicity. Culture supernatants were centrifuged at 750 X g to pellet the cell debris and then either used directly in ELISAs or stored at-40·C. To quantitate intracellular IL-la, the supernatants were removed, and 1 ml of a Triton X-I00 solution (0.1 % in PBS, Ca++ and Mg++ -free) was added to each well and incubated for 30 -40 min ar room temperature. The lysates were treated as noted above for the supernatants and assayed for IL-la. Aliquots of the supernatants were tested immediately for the presence of lactate dehydrogenase (LDH) as a measure of cytoplasmic leakage. Triton X-l 00 solution was added to control cultures to assess maximal LDH release.
IL-l a, IL-8 , TNFa, and GM-CSF co ncentrations were quantitated from the culture supernatants by ELISA according to the manufacturer's instructions. Absorbances were determined using a UVmax kinetic microplate THE JOURNAL OF INVESTIGATIVE DERMATOLOGY reader (Mol ecular Devices Corp., Menlo Park, CAl and the !o.Soft Program (Macintosh version 2.12) for data coll ection.
Antibody Neutralization ofIL-la and TNFa Keratinocyte cultures ~t 70% confluency were treated with anti-TN Fa antibody, anti-IL-la ant~ body, or a combination of the two polyclonal antibodies followed by addItion of either croton oil (20 J.lg/ ml), phenol (250-2000 J.lg/ml), TNFa (31.3 -125 U/ml) , or IL-la (20 pg/ml) . After 24 h, the medium was collected and centrifuged to pellet debris, and the IL-8 content was quantified.
Extraction and Analysis of tnRNA from Keratinocytes Keratinocytes were subcu ltured in six-well plates (Costar) at a density of 2500(cm2 (24,OOO/well) and allowed to grow in KGM with hydrocortisone until the cells were -50% confluent. Fresh KGM withont hydrocortisone was added, and the cells were grown to -70% confluency. Either croton oil (20 J.lg/ml final concentration) or phenol (200 or 1000 J.lg/ml final concentration) was added to the cultures. At 0, 0.25 , 0.5,1,3, and 6 h , the cells were collected and about 2J.lg of poly(A)-mRNA were recovered from each well using the MicroFast Tract mRNA extraction kit (Invitrogen, San Diego, CAl. Onehundred-nanogram samples of mRNA were transcribed into cDNA usmg 400-U reverse transcriptase (200 U //11; BRL, Gaithersburg, MD) and 0. Cetus, Norwalk, CT). Polymerase chain reaction (PCR) primers for IL-la, IL-l/l, IL-8, TNFa, and glycera ldehyde 3-phosphate dehydrogenase (G3PDH) were purchased from Clontech Laboratories , Inc. (Palo Alto, CAl. G3PDH mRNA transcripts were monitored to determine constitutive expression. An aliquot containing one-tenth of the cON A synthesized &om mRNA was amplified in a 50-J.ll volume with the reagents supplied in t.he GeneAmp PCR kit (Perkin Elmer Cetlls Corp., Norwalk, CT). Using the GeneAmp PCR System 9600 DNA Thermal Cycler (Perkin Elmer Cetus), Table I • LPS, PMA. IL-1P, and test agents were assayed separately for their abiliry to induce increases in IL-8, TNFa, IL-la. and GM-CSF. Some cultures containing the resr chemicals were also challenged concurrently with LPS, PMA, or IL-IP to determine whether these known infl ammatory agents induced antagonistic or agonistic responses.
Concentration response studies were do ne for each contact irritant and cytokine. The value shown in parentheses after each agent is the highest concentration tested that did not induce significant LDH leakage. The data are from representative experiments conducted three times on average.
• The fold increase or decrease of intracellular IL-la released by 0.1 % Triton X-lOO treatment compared to control.
' These values represent fold increases or decreases. Cytokine responses less than 1.0 X indic.te a suppression of i) baseline cytokine production when these agents were assayed separately or ii) the additive effects of the test agent and challenge with LPS, PMA. or IL-lp. Cytokine responses of 1.0 X indicate that there was i) no change in the baseline production of cytokines when the test chemical was assayed separately or ii) no significant increase or decrease of a cytokine beyond the additive responses of the test agent and challenge with LPS. PMA. and IL-lp. Cytokine responses greater rhan 1.0 X indic.1te an induction of a given cyrokine when i) test agents were assayed separately or 11) comblllanons of the test agents and LPS. PMA, or IL-IP stimulated a synergistic response.
VOL. 102, NO. 6 JUNE 1994 -. LPS, PMA, IL-lP, and test agents were assayed separately for their ability to induce increases in IL-S, TN Fa, IL-la, and GM-CSF. Some cultures containing the test chemicals were also challenged concurrently with LPS, PMA, or IL-IP to determine whether these known inflammatory agents induced antagonistic or agonistic responses. Concentration response studies were done for each contact irritant and cytokine. The val ue shown in parent heses after each agent is the highest concentration tested that did not induce significant LDH leakage. The data arc from representative experiments conducted three times on average.
b The fold increase or decrease ofintraccllnlar IL-la released by 0.1 % Triton X-IOO trea tmen t compared to controL , These values represent fold increases or decreases. Cytokine responses less thau 1.0 X indicate a suppression of i) baseline cytokine production when these age nts were assayed separately or ii) the additive effects of the test agent and challenge with LPS, p/IAA, or IL-lp. Cytokine responses of 1.0 X indicate that there was i) no change in the baseline production of cytokines when the test chemical was assayed separately or ii) no significant increase or decrease of a cytokine beyond the additive responses of the test agent and challenge with LPS, PMA, and IL-lp .. Cytokine responses greater than 1.0 X indicate an mductlon of a given cytokine when I) test agents were assayed separately or ii) combinations of the test agents and LPS, PMA, or IL-lP stimulated a synergistic response.
amplification was initiated by 1 min of denaturation at 94°C for one cycle and then followed by three temperature steps for PCR including 30 seconds of d enaturation at 94°C, 30 seconds of annealing at 55°C, and 1 min of polymerization at 72°C. This process was continued for 25, 30, or 35 cycles of amplification depending on the abundance of the cytokine message. After the last cycle of amplification, the samples were incubated for 7 min at 72 0 C. An aliquot of each amplified sample was electrophoresed through 2% agarose (UltraPure, molecular biology grade, Sigma) and stained with 0.5 /lg ethidium bromide/ml in Tris-Borate-ethylene diaminetetraacetic acid (EDTA) buffer (89 mM Tris, 89 mM boric acid, 2.5 mM EDTA; pH 8.2; leN, Costa Mesa, CAl. The resultant gel was illuminated with UV light and photographed with a Polaroid system.
In Vivo Studies Specific-pathogen-free BALB/c AnNCr female mice were obtained from Charles River Breeders (Raleigh, NC) at 7 weeks of age and used in the skin painting studies at 10-16 weeks of age. The test chemicals were dissolved in either distilled water, acetone: olive oil (4 : 1 v/v), or EtOH as noted in R esliits and applied slowly in 10-/ll aliquots to the dorsal surface of both ears using a micropipette. The ear thickness was measured with an Oditest D 1000 micrometer (The Dyer Co., Lancaster, PAl at 3 and 24 h posttreatment. After the mice were asphyxiated with CO2 , one ear per mouse was removed, fixed in 10% neutral-buffered formalin, and embedded in paraffin. Median sagittal sections (5 /lm thick) were prepared and stained with hematoxylin and eosin for histologic examination.
Statistical Analyses Student t test was used for pairwise comparisons. When there were more than two treatment groups to be compared, the mo use ear swelling data were analyzed using a one-way analysis of variance. If t he F-statistic was significant, post hoc comparisons were made using
RESULTS
Cytokine Production in Human Keratinocytes Each of the contact irritants was examined over a large concentration range to quantitate cytokine production at cytotoxic and noncytotoxic levels. If significant leakage of LDH occurred, it was thought that IL-la might also be released and induce an autocrine stimulation of surviving cells. However, detectable increases in IL-la were not observed in supernatants with most chemicals that induced significant cytotoxicity, the exceptions being high concentrations of croton oil and BAC (data not shown). As a consequence, the value shown in parentheses for each chemical in Table I represents only the highest noncytotoxic concentration tested.
In the absence of other stimulatory agents, SLS, phenol, and croton oil induced substantial increases in IL-8 production by 1.8, 11 , and 112 times, respectively (Table I ) . IL-8 was also secreted by keratinocytes during treatment with PMA , LPS, rhIL-lfJ, or rhTNFa. A consistent reduction was detected in the quantities of all cytokines when the supernatants or lysates from the combination of croton oil and LPS were assayed for the presence of proinflammatory cytokines, suggesting that LPS antagonized the stimulatory effects of phorbol esters. In contrast, a synergistic response was detected with the combination of phenol and LPS. Croton oil and phenol tested in the presence of rhIL-lfJ showed a synergistic response in the production of IL-8, whereas a synergistic interaction was seen with SLS plus PMA. Cr0 3 , BAC, and OXA suppressed IL-8 production whether in the presence or absence of the known stimulatory agents (Table II) . MS (500 ,Ug/ml) and EPP (5 ,Ug/ml) did not induce IL-8, TNFa, or GM-CSF; in fact, EPP suppressed the control level of IL-8 by 49% (data not shown).
Only phenol and croton oil stimulated an increased production of TNFa, and a synergistic interaction between croton oil and IL-lfJ was observed (Table I ) . The combination of SLS/PMA induced synergistic responses in TNFa secretion, but other combinations with OXA/PMA and BAC/PMA resulted in a suppression of TNFa production by 26% and 60%, respectively (data not shown). TNFa was not induced by DNFB, OXA, Cr03, or BAC, nor was it reduced above additive levels in the presence of known stimulants (data not shown).
At noncytotoxic concentrations, virtually none of the chemical treatments induced a significant release of intracellular IL-la. However, croton oil, phenol, and SLS (Table I) , DNFB, and BAC (Table II) stimulated the production and intracellular accumulation ofIL-la. The intracellular accumulation ofIL-1a was increased to a. bout the same extent by rhTNFa (4.6 times) and croton oil (4.8 urnes) . However, it appears that the autocrine stimulation ofIL-1a production by TNFa cannot explain the apparent intracellular increase ofIL-la stimulated by BAC and DNFB, two agents that did not induce TN Fa production.
Croton oil was the only irritant to induce the production of GM-CSF (15.6 times). Also, croton oil in combination w ith IL-lfJ resulted in a synergistic increase of GM-CSF by 2.3 times, and the ~ombination of SLS and PMA also stimulated a synergistic response III GM-CSF production (Table I) . In contrast to croton oil, the combinations of phenoljPMA (Table I) and BAC/PMA (data not shown) depressed the production of GM-CSF by 77% and 13%, respectively.
Cytokine Gene Expression The synthesis of cytokine-specific mRNA transcripts correlated with the increase in cytokine production. As depicted in Fig 1, croton oil stimulated IL-8 and TNFa mRNA transcription as early as 30 min after addition to the keratinocyte cultures. Furthermore, substantial quantities of cytokinespecific mRNA transcripts were detectable over the remainder of the 6-h time course. Also, as shown in Fig 1, the phenol-mediated increase in cytokine gene expression was similar to that observed with croton oiL Messenge r RNA for both IL-8 and TN Fa was first detected 1 h after phenol was added to the cultures and persisted for at least 6 h. Figure 2 shows the constitutive expression of IL-lex and IL-lp mRNA (faint bands at time zero) and their induction in response to croton oil (20 Itg/ml), a feature that paralleled the intracellular IL-lex accumulation (Table I) . Similarly, detectable constitutive levels of IL-lex and IL-1P mRNA were observed in control and vehicle-exposed cultures (1 % ethanol, v Iv) , and apparent increases in the transcripts of these two cytokines were detectable at 15 min after the addition of phenol (Fig 3) . Neutralizing Autocrine Circuits to Show the Direct Stimulation of 1L-8 Production The principal change in cytokine responses to chemical irritants was associated with changes in IL-8 production. Because previous studies have shown that both TNFex and IL-1ex can induce IL-8 secretion, we examined whether the effects on IL-8 production were mediated directly by the irritants or indirectly by induction of cytokine intermediates. Using IL-1ex (20 pg/ml) or TNFex (62.5 U /ml) as controls for the efficiency of antibody neutralization, the increase in IL-8 production induced by IL-1ex or TNFex was abrogated by adding anti -IL-1ex or antiTNFex, respectively, to the cultures (Table III) ments, anti-TNFex (20 ,ugjml) was 72-92% effective in protecting against the increase of IL-8 even at TNFex concentrations as high as 125 U jm!. Although croton oil was capable of inducing a 112-times increase in IL-8 production above the naive controls, the addition of polyclonal antibodies to IL-la, TNFa, or the combination of antibodies reduced IL-8 production by a maximum of only 11 % (Table III) . Similarly, the addition of TN Fa and IL-1a antibodies or their combination suppressed phenol-induced IL-8 production by a maximum of 43%. Thus, a larger portion ofIL-8 can be attributed to autocrine stimulation of keratinocytes by IL-Iex and TNFa in phenol-treated cultures as compared to cultures treated with croton oil.
In Vivo Studies To determine whether the differences in cytokine profiles observed with the test chemicals were associated with specific histologic differences in vivo, the test agents were applied to the dorsal surface of mouse ears, and the skin was examined for sw~lling and histopathologic changes at 3 and 24 h. All chemicals induced edema, but the extent and ~ime course for maximum ear swelling were chemical-specific (Table IV) . For example, croton oil induced a moderate, dose-related increase in ear swelling at 3 and 24 h, and progressive swelling was detected through 24 h. DNFB induced a strong, dose-related increase in ear swelling at 3 h, which was reduced slightly at 24 h. Phenol induced a moderate, doserelated increase in ear thickness at 3 h, but the response was diminished at 24 h.
Histologic evaluations indicated that BAC, OXA, and croton oil produced relatively severe and prog~essive ch.anges for at least 24 h (Fig 4) . BAC caused patchy epithelial necrosIs followed by edema, leukostasis, perivascular cuffing, and necrotizing angitis with a mild extravasation of erythrocytes. OXA affected only selected areas, characterized by a mild epidermal necrosis at the orifice of hair follicles, which was followed by an accumulation of PMNs in the epidermal layer where the necrosis first occurred. The accumulation of PMNs grew into intraepidermal pustules and extended downward to the subepidermal region. Leukostasis and perivascular cuffing of PMNs in the dermis were milder than the epidermal and subepidermal changes. Croton oil did not induce necrosis, but caused edema and mild leukostasis, which was followed by a diffuse, intensive subepidermal and dermal PMN infiltration. Mast cells were abundant and associated with PMN aggregates. DNFB, SLS, phenol, and Cr0 3 induced mild to moderate transient changes that peaked within 3 h (Fig 4) . DNFB and SLS did not induce necrosis, but DNFB induced severe edema and lymphangiectasia in which there was little PMN infiltration, possibly indicating an effect on vasc~lar permeability. Although Cr0 3 caused a mild epidermal necroSIS, the changes were similar to those induced by SLS, which induced mild edema and leukostasis. Phenol induced an extensive, although patchy epidermal necrosis, which extended in some areas to the sub epidermis and resembled local ischemia. PMN infiltration was mild to moderate in these regions as evidenced by leukostasis and perivascular cuffing detected at 3 h, whereas the edema was moderate.
DISCUSSION
Three contact irritants, namely, croton oil, phenol, and SLS, induced the expression, production, and release of proinflammatory cytokines by cultured human epidermal keratinocytes. In addition, these studies demonstrated that croton oil and phenol can induce IL-8 production directly without the intermediate production and release of IL-Ia and TNFa. This is consistent with studies by Barker et al [19] showing that superinduction of IL-8 mRNA can occur in the presence of cycloheximide, suggesting that the induction of IL-8 mRN A transcription is not dependent on intermediate protein synthesis. The release of proinflammatory cytokines by chemically stimulated keratinocytes was not predictive of the induction of cutaneous toxicity seen with four other toxicants and suggests that multiple mechanisms are involved in the induction of contact irritancy to various chemical agents. These mechanisms may include a) the disruption of keratinocyte plasma membranes leading to the release of IL-Iex or other inflammatory mediators such as arachidonic acid metabolites and reactive m.:ygen species; b) the damage or stimulation of other resident cell types in the skin such as dendritic cells, fibroblasts. or endothelial cells directly by the toxicants. which can then initiate an inflammatory response [31, 32] ; and c) the receptor-mediated induction of pro inflammatory cytokines. e.g., through PKC-dependent and -independent pathways involving nuclear transcription factors. Lastly, our results on the antagonistic or agonistic responses induced by the concurrent exposure of keratinocytes to the test agents and PMA. LPS, or IL-1{J suggest that multiple pathways exist for the stimulation of inflammatory cytokines within keratinocytes. The i~1 vivo data from BALB/c mice confirm and extend the findings of Patrick et at [33] . who demonstrated characteristic timeand dose-dependent patterns in the contact irritancy responses of ICR female mice to phenol, croton oil, BAC, MS. and EPP. Mouse skin exposed to MS, croton oil, and EPP showed that the composition of the cellular infiltrate, the extent of capillary dilation, and the degree of edema was markedly different for each agent at selected time points. Our analyses also showed that phenol. BAC, and Cr03 were capable of inducing epidermal necrosis, which did not result in the migration of PMNs into the epidermis, but rather caused infiltration of inflammatory cells into the dermis only. OXA, a potent alkylating agent and contact sensitizer, was the only compound to induce cutaneous damage leading to the appearance of PMNs directly within the epidermis after 24 h. Therefore, chemicals that can induce distinct patterns of contact irritancy do not necessarily cause damage that will elicit PMNs to the epidermis, a major site of preformed IL-la. Although the elaboration of pro inflammatory cytokines by keratinocytes is not diagnostic for the in vivo contact irritancy potential of a compound, the cytokine profiles at least provide insights into the mechanistic basis for skin toxicity. For example, phenol [34, 35] and the phorbol ester components of croton oill34 -37] are considered to be weak and strong tumor-promoting agents, respectively. We found croton oil to be a potent inducer ofIL-8, TN Fa, intracellular IL-la, and GM-CSF, whereas phenol was a weak inducer ofIL-8, TNFa, and intracellular IL-1a and did not induce a detectable GM-CSF increase. Also, the kinetics of TN Fa and IL-8 expression in keratinocytes indicate that the signaling pathway for croton oil is considerably more rapid than phenol. Taken together, these findings indicate that the cytokine gene induction pathways may be fundamentally different for these two agents and support the observations of Driedger and Blumberg [34] and Delclos et at [35] that phenol appears to act at a target distinct from that of the phorbol esters.
This delineation of mechanisms involved in cutaneous toxicity can also be seen in the comparison of two necrotizing agents, phenol and BAC. Although both compounds are necrotizing irritants in mouse skin and capable of causing edema and the infiltration of PMNs, the in vitro human keratinocyte assay reveals that these compounds can be distinguished at the level of pro inflammatory cytokine production; that is, phenol is capable of inducing IL-8, TNFa, and intracellular IL-1a, whereas BAC induces a modest increase only in the IL-1a intracellular pool. Therefore, phenol might induce irritation in vivo by two mechanisms: a) a corrosive effect that, like BAC. would lyse keratinocytes and cause the release of preformed IL-1a; and b) a receptor-mediated effect, which may be related to the weak tumor-promoting property of phenol.
In addition to phenol and BAC, the intracellular synthesis and accumulation of IL-la mRNA and protein occurred during the exposure ofkeratinocytes to PMA, croton oil, DNFB. TNFa, and IL-1fJ. At noncytotoxic concentrations of the agents. there was little or no release of cellular IL-1a in cultured keratinocytes. The epidermis has a large stationary reservoir ofIL-1a that could be liberated during wounding by chemicals, physical agents. or mechanical shearing or in response to infection [13, 15, 20, 26, 38, 39] . It has been proposed that the constitutively produced IL-la is eliminated under normal conditions from the skin during the differentiation and subsequent desquamation of keratinocytes [13, 14] . Although the epi-, I t VOL. 102, NO.6 JUNE 1994 CYTOKINE PRODUCTION BY HUMAN KERATINOCYTES 921 Figure 4 . Inflammation induced in mouse skin from the ears after exposu~e to contact irritants. The chemicals were app lied to the dorsum of both ears in 10 Jll aliquots containing the following: ethanol only (control) (A); benzalkolllum chloride (10% w/v so lution) dissolved in water. 24 h (note the necrotic patch demarcated by arrows and moderate PMN infiltration into the dermis) (B); phenol (25% w/v solution) dissolved in ethanol . 24 h (note the necrosis of the epidermis located at the arrow and moderate PMN infiltration into the dermis) (C); oxazolone (4% w /v solution) dissolved in acetone: olive oil (4: 1 v /v). 24 h (note the dense accumul ation of PMNs in the epidermis near a hair follicle) (D); croton oil (2% w/v solution) in acetone: olive oil, 24 h (note many PMNs in the dermis and severe edema present) (E); and DNFB (0.5% w /v solution) dissolved in acetone: olive oil, 3 h (note the severe edema with few PMNs present in the dermis) (F).
dermal accumulation ofIL-la may serve as an augmented defense mechanism against subsequent cutaneous damage, our results suggest that chronic exposure of human skin to chemicals capable of stimulating IL-la production may lead to an exaggerated release of IL-la after what might be considered to be minor trauma.
In conclusion, although all of the irritants induced PMN infiltration and edema ill vivo to a greater or lesser extent. the ill "itro studies clarified the potential contribution of keratinocytes to the chemically induced inflammatory response. Of the cytokine changes detected, increases in intracellular IL-la and IL-8 secretion were the most remarkable. Determining the source, kinetics of production, and the regulation of inflammatory mediators in the skin will be of value in predicting various toxicities arising from exposure to environmental agents and may be helpful in the development of strategies for the treatment of environmentally based disease. Was/lington, DC, Otl April 28-May 1,1993. 
Portions of this work were presented at the 54th antlllal meetitlg of the Society for ltlvestigat iveDermatology ill

